Hyaluronan (HA) is widely detected in biological samples and its concentration is most commonly determined by the use of a labeled specific HA binding protein (aggrecan G1-IGD-G2, HABP), employing membrane blotting and sandwich enzyme-linked immunosorbent assay (ELISA)-like methods. However, the detected signal intensity or the quantified value obtained by using these surface-based methods is related to the molecular mass (M) of HA, especially for HA in the low M range below 150 kDa. At the same mass or mass concentration, higher M HA gives a higher signal than lower M HA. We have experimentally determined the quantitative relationship between the M of HA (in the range 20-150 kDa) and the relative signal intensity in comparison with a standard HA, in a sandwich ELISA-like assay. An M-dependent signal correction factor (SCF) was calculated and used to correct the signal intensity, so that the corrected concentration value would more accurately reflect the true HA concentration in solution. The SCF for polydisperse low M HA was also calculated and compared with experimental results. When the molecular mass distribution of an HA sample is determined by a method such as gel electrophoresis, then its appropriately averaged SCF can be calculated and used to correct the signal in sandwich ELISA to obtain a more accurate concentration estimation. The correction method works for HA with M between 150 and 20 kDa, but lower M HA is too poorly detected for useful analysis. The physical basis of the M-dependent detection is proposed to be the increase in detector-accessible fraction of each surface-bound molecule as M increases.
Introduction
Hyaluronan (HA) is a polysaccharide composed of repeating units of disaccharides of β-D-glucuronic acid and N-acetyl-β-D-glucosamine. HA is predominantly synthesized as a high molecular mass (M) polymer, and is present in almost all biological fluids and tissues of vertebrates (Balazs 1958; Balazs et al. 1967; Tengblad et al. 1986; Laurent and Fraser 1992; Fraser et al. 1997; Itano et al. 1999; Armstrong and Bell 2002; Volpi et al. 2009 ). For example, HA is a key macromolecular component in synovial fluid, and is also an important component of cartilage. The high M gives unique biophysical properties to solutions of this macromolecule, such as high viscoelasticity and high colloid osmotic pressure, as well as macromolecular crowding effects (Balazs and Gibbs 1970; Laurent 1995; Hardingham 2004; Cowman and Matsuoka 2005; Cowman et al. 2012) . These unique biophysical properties lead to several important physiological functions, such as extracellular matrix stabilization, joint lubrication, shock absorption, water maintenance and regulation of protein distribution.
HA is also important in biological process regulation, which occurs through protein binding interactions. HA can regulate cell activity by interacting with cell surface receptor proteins, which causes signaling of a number of responses in an M-dependent manner (Toole 2004 (Toole , 2009 Stern et al. 2006; Itano 2008; Jiang et al. 2011 ). For example, by binding to CD44, HA fragments, but not high M HA, induce cytokine and chemokine gene expression in macrophages Noble et al. 1996) . By interacting with CD44, low M HA induces cell death in activated T cells (Ruffell and Johnson 2008) . HA, depending on its M, also regulates lung injury and repair by interacting with Toll-like receptors (Jiang et al. 2005) . Low M HA can act as an endogenous danger signal, and induce changes in gene expression for mediators of host defense against microbes, mediators of inflammation response and proteins connected with cell migration (Maxwell et al. 2008; Hill et al. 2012; Tolg et al. 2012) . In addition, the change of HA concentration and M also has strong correlations with some well-known pathological conditions, such as rheumatoid arthritis (Bjelle et al. 1982; Dahl et al. 1985; Yingsung et al. 2003) . There is therefore a need for the development of improved and highly sensitive methods to accurately analyze the content of low M HA. In this article, we describe a method to accurately measure the concentration of low M HA using a sandwich enzyme-linked immunosorbent assay (ELISA)-like assay.
In the past, quantification of HA was performed by isolating it from other polysaccharides, and then characterizing it by colorimetric analysis, such as the carbazole method to determine uronic acid concentration (Dische 1947; Bitter and Muir 1962; Linker et al. 1969) . Later, it was discovered that HA could be specifically and tightly bound by an HA binding protein (HABP) composed of the G1-IGD-G2 domain of aggrecan proteoglycan, as well as by the Link protein extracted from bovine cartilage (Hardingham and Muir 1972; Hascall and Heinegård 1974; Hardinghan and Adams 1976; Nieduszynski et al. 1980; Bonnet et al. 1985) . This led to the development of new methods for specific quantification of HA, using various specific labeled binding proteins as detection reagents. Laurent and Tengblad developed the first competitive radiometric assay method, based on the ability of HA in a sample to compete with Sepharose-bound HA for binding of 125 I-labeled HABP. This method was used to measure HA in biological samples down to the nanogram range (Laurent and Tengblad 1980; Tengblad 1980; Engström-Laurent et al. 1985; Brandt et al. 1987) , and was 100-fold more sensitive than the former techniques. Since then, several modifications of this method based on specific binding of HA by HABP were made, and they have led to development of competitive ELISAs (competitive ELISA-like assays) (Delpech et al. 1985; Goldberg 1988; Kongtawelert and Ghosh 1989; Fosang et al. 1990 ), sandwich ELISA-like assays (Chichibu et al. 1989; Li et al. 1989) , competitive fluorescence-based assays (Rossler 1998 ) and sandwich fluorescence-based assays (Martins et al. 2003) . Additional applications that use this principle include (1) the use of HABP to bind HA and then binding the HABP by an antikeratan sulfate antibody for detection (Leipold et al. 1989) , and (2) the use of hyaluronectin, which is an HA-binding protein found in rat brain, to bind [ 3 H] labeled HA and then precipitating the complex to quantify HA (Lacy and Underhill 1986; Huey et al. 1990) . A dependence of HA detection on M was reported for a sandwich assay using proteoglycan for capture and detection, where HA below 10-50 kDa was not well detected (Li et al. 1989; Kamada et al. 2002) .
Currently, based on these developed methods, there are several commercially available ELISA-like kits for HA quantification. The sensitivity and specificity of three different commercially available ELISA-like assays have been compared by Haserodt et al. (2011) . The performance of these kits was found to be very different. The competitive assay was reported to be best for size-sensitive HA measurements, but had relatively high variability, and the HA concentration was significantly overestimated. Courel et al. (2002) similarly showed that by competitive ELISA-like assay at pH 3.8, the HA concentration could be overestimated or underestimated, depending on the size of the HA relative to the standard supplied. Sandwich ELISA-like assays were reported to have low variability and high accuracy, but were not able to detect HA of 6.4 kDa.
Since we are most interested in developing a quantitative estimation for low M HA with good accuracy and low variability, we have chosen to use a commercial sandwich ELISA-like assay in this study. We have tested the performance of the method for low M HA, provided a basis for understanding its working patterns and characteristics, and modified the procedure for data analysis in order to obtain better low M HA quantification. From our findings, we have also formulated an explanation for the M dependence of specific HA detection on the surface of membranes after electroblotting or slot blotting.
Results
HA detection by sandwich ELISA-like assay HA samples with weight-average molecular masses of 20, 30, 31, 63, 70, 104, 132 and 150 kDa were assayed at known concentrations of 0.37, 1.1, 3.3, 10, 30 and 90 ng/mL. The 31, 70 and 150 kDa samples were chemoenzymatically synthesized low polydispersity Select-HA™ with known weight-average molecular masses determined by SEC-MALLS. The 20, 30, 63 and 104 kDa samples were polydisperse bacterial HA and the reported average molecular masses based on intrinsic viscosity were re-analyzed by gel electrophoresis to obtain the weightaverage values . A 132 kDa sample was provided in the ELISA kit set as standard HA. The molecular mass and the amount were determined and labeled by the manufacturer.
A representative assay result for the low polydispersity HA samples is shown in Figure 1A . The result shows that the detected signal intensity for a given concentration is related to the molecular mass (M) of HA, for HA below about 150 kDa. At the same concentration, higher M HA gives a higher signal than lower M HA. This M-dependence of the signal will produce significant errors in determining the concentrations of HA samples ( Figure 1B ). For example, for 31 kDa HA with an actual concentration of 30 ng/mL, the assay-determined concentration based on the standard curve for 132 kDa HA would only be 6 ng/mL, which is 20% of the true concentration. Similarly for 70 kDa HA, the apparent concentration is only 60% of the true 30 ng/mL concentration. Therefore, although this sandwich ELISA assay was previously shown to have good intra-and inter-assay reproducibility (Haserodt et al. 2011) , M-relevant corrections must be made to obtain an accurate quantification.
Based on the experimental data for low M HA samples of different sizes, a correction procedure was developed. As a first step, the absorbance measured at a given concentration for each low M HA was compared with that of the 132 kDa HA standard at the same concentration. We determined these relative absorbance values by first subtracting the background absorbance in an assay and then dividing each HA sample absorbance by that of standard HA at the same concentration. This relative signal was independent of environmental factors such as temperature, enzyme activity or binding ability of the HABPs, which will vary slightly in each assay experiment, because normalizing to the internal standard in each assay corrects for these factors. Each HA sample was assayed 3-10 times, and the average relative absorbances were calculated. The results are shown in Figure 2A , for HA samples at a nominal concentration of 90 ng/mL.
A quantitative relationship between relative absorbance and HA molecular mass (M) was then established. At a nominal concentration of 90 ng/mL, the relative absorbance was linearly Molecular mass dependence of hyaluronan detection dependent on the logarithm of M for HA in the 20-150 kDa range ( Figure 2B ). There was no significant difference in results for HA samples of low polydispersity (dashed line) versus higher polydispersity (dotted line) at 90 ng/mL, and the semi-log relationships had regression coefficients of R 2 = 0.98 and 0.99, respectively. The good curve overlap for both types of HA indicates the approximately log-normal molecular mass distribution of the polydisperse samples (approximately Gaussian in appearance when plotted on a log M scale; see Bhilocha et al. 2011 ) resulted in very similar behavior to that of a nearly monodisperse HA whose M equals the weight-average molecular mass of the polydisperse HA.
The concentration of 90 ng/mL was chosen for these calculations in order to minimize errors associated with dilution. Comparison of data for HA at nominal concentrations of 10 or 30 ng/mL showed very similar results. The curves of relative absorbance versus M at different sample concentrations overlap well, indicating that the effect of M on detection is independent of concentration within the tested range ( Figure 2C ).
Because the two curves for HA of low and high polydispersity at 90 ng/mL overlap with each other well, the fitted curve including both types of HA (solid line in Figure where M is given in kDa. For HA larger in M than 150 kDa, we have insufficient M-dependent data to allow determination of the quantitative relationship, and have assigned a constant relative absorbance equal to that of 150 kDa HA [Eq. (2)]. Preliminary data suggest that there is actually a slight increase in signal for M above 150 kDa, such that 1000 kDa HA has a signal that is 20% higher than 150 kDa HA.
Relative absorbance ¼ Signal correction factor
Equation (1) enables a quantitative correction of absorbance data for low M HA samples, allowing their true concentrations to be estimated. For that purpose, the relative absorbance becomes a signal correction factor (SCF). It is valid for an HA sample whose weight-average molecular mass is known, assuming that the distribution of molecular mass is centered near the weight-average value, and the average M is 20-150 kDa. Equation (2) may be used for >150 kDa HA. The corrected absorbance is calculated [Eq. (3)] by dividing the observed absorbance by the corresponding SCF for a sample of that M.
Corrected absorbance ¼ Observed absorbance Signal correction factor ð3Þ
There are HA samples for which the molecular mass distribution is not log-normal. In such cases, the weight-average M cannot simply be used with Eq. (1) or (2). As an example of such a case, we prepared a mixture of high and low M HA samples. This sample contained 35% (w/w) 1000 kDa Select-HA™ (SCF = 1.02) and 65% (w/w) 31 kDa Select-HA™ (SCF = 0.38).
As a first approximation to the properly averaged SCF for such a mixed sample, we take the SCF for each component, weighted by the respective fraction of the sample weight [i.e. weight-average SCF = 0.35(1.02) + 0.65(0.38) = 0.60]. This is not the same as the SCF (1.02) that would have been calculated for the weight-average molecular mass of the mixture (370 kDa). That is because the correction must treat each HA species and its corresponding relative absorbance independently. The experimentally determined SCF for the mixture was 0.70, close to that estimated as the weighted average SCF. A more probable experimental sample molecular mass distribution is shown in Figure 3A . The weight-average molecular mass for the sample shown is 63 kDa. As a first approximation, the average SCF is taken to be that for monodisperse 63 kDa HA, which is 0.67, based on Eq. (1). The experimental value of the SCF is 0.65, showing that for a sample with an approximately log-normal M distribution, the weight-average M may be used to estimate the average SCF.
A more general procedure that applies to M distributions of any type begins with the full molecular mass distribution curve, preferably generated by SEC-MALLS or gel electrophoresis. M values in the x-axis are then converted to SCF values, using Eqs. (1) and (2). This generates a mass distribution of SCF values (as shown in Figure 3B for the 63 kDa HA sample given in Figure 3A) , and the weighted average of that distribution is the number to use in correcting ELISA data. The average SCF obtained in this way was 0.58. The discrepancy between the experimental value (0.65) and that calculated from the complete Fig. 3 . The SCF of a polydisperse HA sample can be calculated from the complete molecular mass distribution and the SCF curve. (A) M distribution data for a 63 kDa polydisperse HA sample with a log-normal (approximately Gaussian on the semi-log scale) M distribution. The solid curve shows the experimental M distribution determined by gel electrophoresis, and the dashed curve shows the SCF as a function of M. Note that the molecular mass scale is reversed in direction, to correspond to the normal appearance in electrophoretic data profiles. For the log-normal M distribution of the sample, the SCF value ("SCF from M w ") based on the experimental weight-average molecular mass, M w , is close to the SCF determined by ELISA-like assay. SCF calculated ("Calc. SCF") in (B) from the complete M distribution is slightly adversely affected by the significant populations of both very low and high M HA. (B) Mass distribution of polydisperse 63 kDa HA as a function of SCF. The weight-average value of the SCF is close to the center of the distribution, but affected by the significant fraction of very low M HA.
Molecular mass dependence of hyaluronan detection molecular mass distribution is tentatively attributed to the uncertainty in Eq. (2), which affects the higher M portion of the curve in Figure 3B , and to the equivalent uncertainty in the very low M portion, for which Eq. (1) has been extrapolated to M of 12.4 kDa. Given these limitations for samples with very broad M distributions, the calculated average SCF should probably be limited to one significant figure; thus, 0.6 ± 0.1.
Results for other test samples are provided in Table I . In all cases, the full molecular weight distribution data provide a good approach to determination of the average SCF to be used in correction of sandwich ELISA absorbance, in order to calculate sample concentration. Figure 4 provides a schematic summary of procedures for the correction process to determine a more accurate HA concentration of low M HA by the sandwich ELISA method. If the M distribution of the sample is known (from SEC-MALLS or gel electrophoresis), then the SCF can be conveniently obtained and used to determine the corrected signal and the concentration estimation.
HA detection by vacuum slot blotting Select HA™ with molecular mass of 31, 70, 150 and 250 kDa, in amounts ranging from 0.01 to 0.1 µg, were vacuum-blotted to a Hybond N+ membrane and subsequently detected by biotinylated HABP, followed by streptavidin-HRP and ECL detection. The result is shown in Figure 5 . It is clear that the signal is related to the molecular mass. At the same sample amount, higher M HA gives a higher signal than lower M HA from 31 to 150 kDa, while the signal difference was not obvious between 150 and 250 kDa, consistent with the results obtained by sandwich ELISA-like assay, although the HA was not precaptured by HABP on the surface.
In order to determine if low M HA had been bound, the membrane after slot blotting was washed with 2 M NaCl for 2 h to elute bound HA. The eluted sample was dialyzed, concentrated and electrophoresed on a polyacrylamide gel. Low M HA was present at a level indicating it had been bound well by the positively charged nylon membrane. This suggests that the phenomenon of M-dependent detection maybe an inherent characteristic of HA detection at a surface, where the surface binding interaction makes a portion of the HA molecule unavailable for detector molecule binding.
Alcian blue is also able to detect surface-bound HA on positively charged nylon (result not shown), and it shows the same M-dependence of detection. (In contrast, when used to stain HA in polyacrylamide gels, alcian blue is able to detect HA as short as nine disaccharides, 3.6 kDa; Turner and Cowman 1985 .) Alcian blue detection needs at least 1 µg HA, so is about 100 times less sensitive than that of bio-HABP/SA-HRP detection in which even 0.01 µg HA could be seen.
HA detection after electro-transfer blotting Two highly polydisperse HA samples were created by mixing polydisperse HA samples with viscosity-average M of 59, 16 and 4.7 kDa, in weight ratios of 2:2:2 and 2:4:4 µg, respectively. These were electrophoresed on a 10% polyacrylamide gel. The gel was cut in two portions. Half was stained with Stains-All dye. The other half of the gel was electro-transferred onto a Hybond N+ membrane and HA then detected with biotinylated HABP, SA-HRP and ECL using X-ray film, which was analyzed by densitometry. The results can be seen in Figure 6 . The stained gel showed the highly polydisperse character of the mixtures, and HA fragments down to 12 disaccharides in length could be detected by dye binding. On the blot, the signal was highly M-dependent, and the signal for the HA portion less than 20 kDa was essentially zero, even at a longer exposure time on the X-ray film ( Figure 6A , 35 s exposure) or in the sample with higher proportions of the lowest M HA. In order to check if the low M HA had been bound on the membrane after electro-transfer blotting, a second blot was eluted with high salt as described for slot blotting, and then analyzed by gel electrophoresis with staining. The result (not shown) showed low M HAwas bound well on the membrane, but could not be detected by the HABP. Figure 6B shows the apparent normalized M distribution for our HA mixtures after polyacrylamide gel electrophoresis and staining with a dye, versus after electro-transfer blotting and HABP-based detection. For all curves, the calculation of M distribution and normalization was performed according to Cowman et al. (2011) . It can be seen clearly that HA less than 20 kDa essentially could not be detected at all by biotinylated HABP. This indicates that the HA surface detection by using the specific HABP from bovine cartilage (recombinant G1-IGD-G2 domain of human aggrecan) is not able to detect HA <20 kDa on a charged nylon membrane surface, and for molecular mass smaller than 150 kDa, the signal is molecular mass dependent. This result is clearly analogous to the M dependence of HA detection in the sandwich ELISA-like assay.
Discussion
We have investigated the phenomenon of molecular mass (M) dependence of HA detection at surfaces using biotinylated HABP from aggrecan. This phenomenon was observed for both a sandwich ELISA-like assay and membrane blotting, for HA with M less than 150 kDa. In both methods, at the same mass or mass concentration, higher M HA gives a higher signal than lower M HA. For HA with M lower than 20 kDa, the signal is essentially zero on membrane blotting, and predicted to reach zero at 12 kDa in a sandwich ELISA-like assay. Therefore, care should be taken when characterizing M distribution of an HA sample with molecular mass in this range by surface-based detection.
The minimum M of 10-20 kDa for HA detection is larger than expected on the basis of solution studies. The shortest effective binding length of HA for the aggrecan-derived HABP is only a decasaccharide (2 kDa) in solution, as shown by Hascall and Heinegård (1974) and Seyfried et al. (2005) . Seyfried et al. (2005) have further shown through their chromatography work that HA with 34 saccharides still could not be bound by two recombinant G1 domains of aggrecan in solution, but that only HA with 40 saccharides (8 kDa) could allow two HABPs to bind on the same chain together. We find that HA detection in a sandwich ELISA-like assay requires a longer chain, in which there is simultaneous binding to at least one HABP molecule on the surface, and one HABP detector molecule from the solution. It appears that this larger minimum size reflects the probability of finding an accessible loop from an unbound segment of the HA at the surface. Surface-immobilized HA may also have less conformational freedom to bind a second HABP, in comparison with the situation in solution. A requirement for conformational freedom is in accord with electron microscopy studies (Mörgelin et al. 1995 (Mörgelin et al. , 1998 ) that have shown that HA is helically wound and undergoes an apparent shortening after binding HABP.
On the basis of a detailed analysis of the M dependence of HA detection in the sandwich ELISA-like assay, we have experimentally determined the quantitative relationship between Fig. 6 . Specific HA detection after electro-transfer blotting to a positively charged nylon membrane is M-dependent (A). HA detection in polyacrylamide gel by staining shows more low M HA than observed by specific detection on membrane. Left image, HA mixtures separated and stained in polyacrylamide gel. Right two images, HA mixtures after electro-transfer blotting of HA from polyacrylamide gel after electrophoresis, with detection using biotinylated HABP, SA-HRP and ECL. The exposure time was 20 and 35 s for the middle and the right images, respectively. Lanes 0: HA Loladder (495, 310, 214, 110 and 30 kDa Select HA™, 0.1 μg each) and HA 8-10 kDa (0.5 μg), Lanes 1: mixture of 59, 16 and 4.7 kDa polydisperse HA (2:2:2 μg ratio). Lanes 2: 59, 16 and 4.7 kDa polydisperse HA (2:4:4 μg ratio). (B) Densitometric analysis of M distribution for polydisperse HA mixtures for Lanes 1 (HA1) and 2 (HA2) in gel (black and red, respectively) and after specific detection on membrane (for 20 s exposure) (green and blue, respectively). The distributions were normalized to have the same total area. HA smaller than 20 kDa could not be detected on the blot, and M dependence of the signal was observed below about 150 kDa.
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the M of an HA sample and its relative signal in comparison with standard HA. An M-dependent equation was fit to data in the 20-150 kDa range, and was found to be useful in correcting experimental signals, to take the HA M into account. When the M distribution or average of an HA sample is known, then its corrected absorbance can be calculated and used to obtain a more accurate concentration in sandwich ELISA-like assays.
The reason for the M-dependent detection of HA immobilized on surfaces is still under investigation. Furthermore, the relationship between HA binding to HABP on the surface of an immunoassay plate versus the binding at a charged nylon membrane surface is not yet clear. However, the good fit of the semi-log relationship between signal intensity and M in the sandwich ELISA-like assay may provide some clues. One possible explanation is that the M dependence arises from the effect of the surface in making part of the HA unavailable for binding detectors. The good semi-log relationship between detection signal and M is because the available portion of the hydrodynamic volume depends on M
x . This is similar to the reason for the semi-log relationship between retention time and M in size exclusion chromatography, where the macromolecules are separated by their hydrodynamic volume. Figure 7 shows the scheme of this explanation. At the same mass concentration or amount, the number of small M HA molecules is larger and their hydrodynamic volume is smaller. Due to the small hydrodynamic volume, the fraction of each molecule that binds to the surface is higher, making the fraction available to the detector HABP smaller. For higher M HA, the number of HA molecules is lower and the size of the molecules is larger. The fraction of each molecule that binds to the surface will be lower, making the fraction available to the detector HABP higher. As M increases above 150 kDa, further changes in the available fraction become smaller, and the M dependence becomes less important. This model assumes a nearly constant attachment area (footprint) per molecule. Extension of the model to allow multiple attachment points in longer HA chains has not been considered here, because our experimental data have been focused on low M HA, and we have insufficient data for high M HA to justify a more detailed model at this time.
Materials and methods

Materials
HA samples with narrow size distribution and known average molecular mass determined by size exclusion chromatography with multiangle light scattering (Select-HA™: specific HA sizes and mixtures of sizes as LoLadder) were obtained from Hyalose (Oklahoma City, OK). Polydisperse HA samples with known average molecular mass (based on measurement of intrinsic viscosity) were purchased from Lifecore Biomedical (Chaska, MN). The molecular mass distributions for all samples were confirmed by gel electrophoresis as described elsewhere . A low M HA sample containing chains 19-25 disaccharides in length (7.6-10.0 kDa) was prepared as previously described (Turner et al. 1988 ).
[Only highly purified HA samples were used in this study. HA must always be free of bound proteins for proper analysis by an ELISA-like assay. HA in tissues or biological fluids usually exists in complexation with proteins that may block or compete for binding of HABP in the ELISA-like assay. A large number of isolation procedures have been developed and optimized for specific tissue or fluid types. Five representative procedures are described here. (1) For isolation of HA from rooster comb or umbilical cord, Balazs (1979) developed a procedure that includes aqueous extraction of crude HA, multiple deproteinization steps in the presence of chloroform (with changes in salt concentration and pH of the aqueous phase to dissociate proteins from HA), and precipitation of HA with ethanol. It may be noted that this procedure is very similar to procedures for isolation of DNA, and DNase treatment should be used unless the source tissue or fluid is nearly acellular. (2) Itano et al. (1999) isolated HA from cell culture conditioned medium using repeated application of proteinase K to digest protein and ethanol precipitation to collect it. The final HA product was analyzed by electrophoresis using specific detection. (3) Armstrong and Bell (2002) isolated HA from a variety of solid tissue sources, using proteinase K digestion in the presence of deferoxamine mesylate to chelate free iron and inhibit free radical-mediated HA degradation, followed by centrifugation to remove aggregated enzyme and protein fragments. The HA product was analyzed by electrophoresis using specific detection. (4) Lauer et al. (2009) isolated HA from cultured cells using proteinase K treatment, precipitation with ethanol, heat inactivation and centrifugal removal of residual protease, DNase and RNase treatment, precipitation with ethanol, heat inactivation of enzymes and optional treatment with neuraminidase and its heat inactivation. HA was analyzed by agarose gel electrophoresis with staining. (5) Tolg et al. (2012) isolated HA from rat skin using a method combining multiple approaches. Fig. 7 . Scheme to explain the M-dependent detection of HA on surfaces. As the M of an HA sample increases, its hydrodynamic volume increases, and the portion that is bound to the surface decreases. The portion available for a secondary probe increases.
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Protein was digested with proteinase K in the presence of deferoxamine mesylate. The digest was made high in ionic strength and shaken with chloroform. After dialysis, HA was precipitated with ethanol. Dissolved HA was treated with Benzonase to digest nucleic acids, and re-subjected to chloroform treatment and ethanol precipitation. Sulfated glycosaminoglycans were removed by anion exchange chromatography. The HA was analyzed by gel electrophoresis with staining. For ELISA-like assays, protein removal by enzymatic digestion is the minimal step required. Further purification may be necessary if remaining contaminants nonspecifically interfere with the assay.]
Phosphate-buffered saline (PBS), PBS with 0.05% (w/w) Tween 20 (PBS 0.05% Tween 20), Tween 20, sodium acetate, Tris base, boric acid and ammonium persulfate were from Sigma Chemical (St. Louis, MO). Sodium chloride, EDTA (ethylenediaminetetraacetic acid) and skim milk were from Fisher Scientific (Pittsburgh, PA). Thirty percent acrylamide solution with 1% bisacrylamide, TEMED (Tetramethylethylenediamine), Stains-All dye (3,30-dimethyl-9-methyl-4,5,40,50-dibenzothiacarbocyanine), bromophenol blue tracking dye and Bio-Dot SF filter paper were obtained from Bio-Rad Laboratories (Hercules, CA). Horseradish peroxidase-conjugated streptavidin (SA-HRP) was from Invitrogen (Carlsbad, CA). The HA sandwich ELISA kit, color reagents A (hydrogen peroxide) and B (tetramethylbenzidine) and the 96-well transparent polystyrene plate were from R&D Systems (Minneapolis, MN). Hybond N+ membrane was from Amersham Biosciences (Buckinghamshire, UK). Biotinylated HABP (containing both aggrecan G1-IGD-G2 and link protein), from bovine cartilage, was from Seikagaku Corp. (Tokyo, Japan) and EMD Millipore. HA stock solutions preparation HA samples were dissolved at concentrations of 1 mg/mL for Select-HA™ and 0.5 mg/mL for polydisperse HA in deionized water, kept at 4°C overnight before use, and stored at the same temperature. The concentrations of the polydisperse HA solutions were determined by weighing the dry powders for solution preparation. Considering the water content in the powder, the deviation was <5% by this method, according to Haserodt et al. (2011) . The concentrations of Select-HA™ solutions were based on dissolution of the entire contents of vials containing 1 mg, where that exact weight was confirmed by the supplier using the carbazole method for solutions aliquoted and dried in the vials, and the deviation was <3%. Aliquots of the HA solutions were initially diluted to 5 µg/mL with PBS 5% (v/v) Tween20 (reagent diluent) and stored overnight before use. The diluted stock solutions were further diluted with reagent diluent immediately before use, using a serial dilution technique.
HA sandwich ELISA-like assay Quantification of HA by a sandwich assay was performed following the manufacturer's instructions. Briefly, the capture reagent (recombinant G1-IGD-G2 domain of human aggrecan) and detection reagent (biotinylated recombinant G1-IGD-G2 domain of human aggrecan) were dissolved in PBS and PBS 5% (v/v) Tween20 (reagent diluent), respectively. They were diluted to working concentrations of 0.5 µg/mL with PBS (for capture reagent) and 0.3 µg/mL with reagent diluent (for detection reagent). Then 100 µL/well capture reagent was added into the plate and coated overnight at room temperature.
After the coating step, the liquid was removed and the plate was washed three times with PBS 0.05% Tween 20 (wash buffer) and then was blocked with 300 µL/well reagent diluent with 0.05% sodium azide for 1 h. Then the plate was washed again (3×) with wash buffer and 100 µL/well HA samples with different molecular mass or HA standard from the kit were then added. The HA concentrations ranged from 0.37 to 90 ng/mL in reagent diluent, and samples were allowed 2 h for binding. After washing (3×) the plate, detection reagent was added into the wells at 100 µL/well, and the plate was incubated for another 2 h. Then the plates were washed again (3×) and 100 µL/well of the working dilution of Streptavidin-HRP in reagent diluent was added for a 20 min incubation. During this time, the substrate solution was made by mixing equal volumes of color reagent A (hydrogen peroxide) and B (tetramethylbenzidine). After washing (3×) the plates, 100 µL/well substrate solution was added and incubated for 20 min in the dark, followed by 50 µL/well 2 N sulfuric acid to stop the colorimetric reaction. The optical density of each well was determined using a microplate reader by subtracting readings at 570 nm from the readings at 450 nm. All the reagents and buffers were at room temperature while applying to the plate.
Calculation of average relative absorbance from M distribution of HA The M distribution of HA is first obtained by SEC-MALLS or electrophoresis (e.g. as described in Bhilocha et al. 2011; Cowman et al. 2011) . The curve height (here called "signal", and denoted by S M ) is proportional to the mass of the sample at a given value of M. In order to convert the curve to a distribution of mass as a function of SCFs ("SCF M "), Eqs. (1) and (2) are used. Extrapolation of Eq. (1) to lower M suggests that HA below 12.4 kDa cannot be detected. Thus, HA below 12.4 kDa is assigned an SCF value of zero. For M between 12.4 and 150 kDa, SCF M = 0.95 (log M) − 1.04. For M greater than 150 kDa, SCF M = 1.02. This latter expression has significant uncertainty because it has not been well tested. Therefore, this correction procedure should be limited to samples with relatively low proportions of HA >150 kDa. An example result from the above process is shown in Figure 3B .
The weighted average SCF is calculated from the plot of signal versus SCF. Calculate the sum of signal S multiplied by the corresponding SCF ¼
respectively. Obtain the weight-average SCF of the sample by dividing the two sums:
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HA vacuum slot blotting and detection
The slot blotting of low polydispersity HA samples was performed on a Bio-Dot SF apparatus from Bio-Rad. The procedure was as follows. The proper sized Hybond-N+ membrane and two blotting filter papers (Bio-Dot SF) were prewetted in TAE buffer (40 mM Tris, 5 mM sodium acetate [CH 3 COONa], 0.9 mM EDTA [ethylenediaminetetraacetic acid], pH 7.9) for 10 min, then the filter papers were stacked onto the membrane support of the apparatus and finally the membrane was placed on the top of the filter papers. Next the sample loading template was placed on the top of the membrane, the template was sealed by finger tightening the four screws, and then house vacuum was applied to the apparatus with further tightening of the screws again while the vacuum was applied to ensure a tight seal, preventing cross-contamination between slots. After the assembly step, 100 μL TAE was applied to each sample well to rehydrate the membrane, and then gently removed from the wells by vacuum. As soon as the buffer solution just drained from all the wells, the flow valve was adjusted so that the unit was exposed to air and then the vacuum was disconnected. HA samples, each in 200 µL TAE, and varying in molecular mass and in mass loaded, were added into the wells. All empty wells were filled with 200 μL of TAE buffer to prevent the membrane from drying out. After that, the liquid was drained from the wells by vacuum. As soon as the samples and buffer solution were drained from the wells, the vacuum was released. Of note in the procedures mentioned above, replacing TAE buffer with TBE is acceptable, but PBS should not be used to prewash membranes or load samples. The use of PBS appears to interfere with HA binding, but once the sample is loaded onto the membrane using an acceptable buffer, the membrane can be washed with PBS. The detection procedure was based on the binding of biotinylated HABP (biotin-HABP) by the surface-bound HA. The membrane was moved into a container which had 10% skim milk in TBS buffer (50 mM Tris, 0.15 M NaCl, pH 7.5 adjusted with HCl) for blocking. Blocking was performed for 16 h at room temperature with gentle shaking. BSA, casein or Tween do not work well as blocking reagents, in this detection protocol.
After blocking, the membrane was washed twice with TBS buffer, 10 min each. Then, biotin-HABP solution (Seikagaku Corp., 2.5 µg in 20 mL 0.1% BSA/PBS) was applied onto the membrane and incubated for 1 h at room temperature with gentle shaking. Then the liquid was removed and the membrane was washed three times with PBS containing 0.05% Tween20, 15 min each.
For detection, 20 mL Streptavidin-HRP solution (0.025 µg/ mL in 0.1% BSA/PBS) was added to the container and incubated for 1 h at room temperature with gentle shaking. After that, the membrane was washed three times again with PBS containing 0.05% of Tween20, 15 min each, and rinsed with PBS to remove Tween (10 min × 2), followed by water (10 min × 1).
Finally, 2.5 mL ECL reagent (SuperSignal® West pico Chemiluminescent Substrate) was added onto the membrane, and the reaction allowed to proceed for 5 min at room temperature in the dark before exposing the membrane to X-ray film for 2-30 s. After developing and washing, the film was analyzed by densitometric scanning and the data were analyzed according to Cowman et al. (2011) .
HA electro-transfer blotting
In this method, polydisperse HA samples were first separated in a 10% polyacrylamide gel by electrophoresis in a Bio-Rad electrophoresis apparatus and then transferred onto the Hybond N+ membrane using an electro-transfer blotting apparatus (Invitrogen XCell ll™ Blot Module).
The method for preparation and electrophoresis of a 10% polyacrylamide gel was modified from the method of Min and Cowman (1986) . An 84 × 73 × 1 mm gel containing 10% acrylamide, 0.33% bisacrylamide in TBE buffer (100 mM Tris-borate, 1 mM EDTA, pH 8.3) was prepared. The electrophoresis and the subsequent gel staining was performed generally according to Cowman et al. (2011) . HA samples were prepared at 0.5 µg/µL in water. Then each HA sample was mixed with loading buffer (2 M sucrose in TBE) in a 5:1 volume ratio. Sample loads contained 1 µg for standard HA and 6-10 µg for polydisperse HA. Electrophoresis was run at 400 V for 20 min at room temperature. The gel was cut in half, and one part was stained with Stains-All dye and then analyzed by densitometric scanning. The remainder of the gel was subjected to electro-transfer blotting. The gel was placed in tight contact with a prewetted Hybond N+ membrane with no bubbles, and this complex was transferred to the Invitrogen electro-transfer blotting apparatus.
The gel-membrane complex was placed in the blotting chamber, sandwiched between 0.5 × TBE prewetted blotting filter papers and sponge pads according to the manufacture's instruction. The transfer chamber was filled with 0.5 × TBE buffer at 4°C to just immerse the sponge pads, and the outer chamber was filled with 4°C deionized water to absorb the heat generated during transfer. The electro-transfer was done at 40 V for 1 h at room temperature.
After electro-transfer, the HA-specific detection steps were essentially the same as those used for the slot blotting method. However, 8 µg biotinylated HABP from EMD was used to make sure there was enough protein for HA binding. For nonspecific HA detection, the membrane was placed in 0.5% (w/v) alcian blue in 2% (v/v) acetic acid overnight, then destained in water.
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HA, hyaluronan; HABP, hyaluronan binding protein; M, molecular mass; M v , viscosity-average molecular mass; M w , weightaverage molecular mass; PBS, phosphate-buffered saline; RA, relative absorbance; SEC-MALLS, size exclusion chromatography-multiple angle light light scattering; Stains-All, 3,30-dimethyl-9-methyl-4,5,40,50-dibenzothiacarbocyanine; SA-HRP, horseradish peroxidase-conjugated streptavidin; TAE, Trisacetate-EDTA buffer; TBE, Tris-borate-EDTA buffer; TEMED, Tetramethylethylenediamine
